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a b s t r a c t
Considerable improvement in the tribological response was achieved during sliding wear tests against alumina ball, when AA 2024-T3-aluminium alloy substrate was coated with DLC/NiP duplex coating. Quantitative EPMA analysis carried out on the coated sample cross-section coupled with nanoindentation techniques allowed the identification of the coated system architecture as composed of 4 main layers, with distinct mechanical properties, on top of the aluminium substrate: DLC (a:C-H chromium dopped layer and graded layer of CrC), a newly formed graded layer of CNiPCr, product of the interdifusion during PVD processing, and the NiP coating. The change in the elastic modulus with penetration depth was described by means of an original approach that was developed for its specific application to multilayer coatings.
Introduction
In the past few years the improvement of the wear and/or corrosion resistance properties of Al, Ti and Mg, as well as their alloys, has constituted an important scientific and technological objective for the surface engineering community, as a consequence of the increasing application of these materials in different industrial fields.
Amongst the surface engineering methods used to protect aluminium alloys, electroless deposition of NiP has drawn the attention for more than one decade [1] . Electroless is an effective technique for deposition of an uniform, crack free and adherent metallic coating to a substrate without applying an external electrical circuit and the results of many investigations related to the use of this type of coatings have shown considerable improvement of the coated systems performance [2] [3] [4] .
Another favoured candidate is DLC, which in the past few years has been deposited on light alloys such as Mg, Ti and Al with the aim of enhancing their tribological behaviour, thus increasing their possibility of being used mainly in the aerospace, automotive and military industries, as well as in the manufacture of medical devices [5] .
Nevertheless, it is also important to mention the various surface engineering processes such as nitriding, laser gas alloying, electron beam surface alloying and duplex surface engineering techniques that have been used for protection of aluminium and titanium components against wear [6] .
However, as it is well known that, when a hard coating is deposited onto these materials, the existing difference between the mechanical properties of the substrate and coating could give rise to a lowcarrying capacity of the substrate with the subsequent cracking of the coating. The deformation and fracture behaviour of these kinds of systems was recently demonstrated by means of FIB studies carried out by Xie et al. [7] . Therefore, extensive research work has been carried out with the aim of preventing these failures by decreasing the Young's modulus mismatch and/or yield stress difference between the film and substrate [8] [9] [10] [11] [12] .
In the present research work, a detailed tribological characterization of three systems will be conducted, namely, the uncoated AA 2024-T3 aluminium alloy substrate, the substrate coated with electroless NiP and the substrate coated with a duplex system DLC/NiP.
For the first time, the discussion of the results will be coupled with an extensive mechanical and compositional characterization of the DLC/CrC/NiP/aluminium alloy system as a whole, in order to determine the changes produced during the PVD deposition process. The intrinsic hardness and elastic modulus of each individual layer in the multilayer system will be evaluated by means of the modified form of the model originally advanced by Jönsson and Hogmark [13] , as proposed by Iost et al. [14] and by modifying the model advanced by Perriot and Barthel [15] , in order to be applicable to multilayer coatings, respectively.
The information concerning the predicted change of elastic modulus with penetration depth will be employed in the computation of the change in von Mises stress with distance from the surface by means of the classical Hertzian formulation for this multilayer coated system, taking into consideration the compatibility of strains at each interface. This evaluation, proposed here for the first time, will provide information about the mechanical stability of the coated system under the experimental conditions during the sliding test.
Experimental
Bars of 19.5 mm in diameter of an AA 2024-T3 aluminium alloy were provided by Allusuisse, Switzerland. The alloy exhibited a yield stress, R 0.2 ¼450 MPa. Samples of 5 mm thickness were cut and, subsequently, mirror polished (R a ¼0.0470.01 mm) by means of standard metallographic procedures. The NiP electroless was deposited industrially by Reliable Plating Inc. (USA). Subsequently, the NiP samples were polished to obtain a roughness of 0.270.01 mm before the DLC deposition. The DLC film, commercially known as Dymon-iC TM (hydrogenated a-C:H), was deposited by Teer Coatings, U.K., by means of closed field unbalanced magnetron sputtering ion platting (CFUBMSIP), coupled with plasma assisted chemical vapour deposition (PACVD). Details of the deposition process have been described elsewhere [16] .
The hardness and the elastic properties of the DLC coating have been determined by means of nanoindentation tests using a MTS XP Nano Indenter under a continuous stiffness measurement mode and equipped with a Berkovich indenter. Prior to indentation, the tip calibration was carried out on fused silica. 25 indentations were conducted on three different samples and the elastic modulus, E, and hardness, H, were recorded continuously versus the indentation depth, h, up to 7000 nm, at a constant indentation rate of 0.05 s
The results were analyzed by means of the Oliver and Pharr method [17] . In this case, the NiP deposit could be considered as the "substrate" due to its large thickness of $ 52 μm. Therefore, it is possible to determine the correct hardness values of both the DLC and CrC films by means of an appropriate hardness model, as shown in the forthcoming.
The adhesion tests of the DLC coating deposited on top of the electroless NiP was carried out by means of a commercial microscratch tester (Scratch Tester Millennium 200) fitted with a Rockwell spherical diamond indenter (tip radius of 200 μm) and equipped with an acoustic emission detector. The indenter loading rate was of 120 N/min and was it was applied to a 5 mm scratch length, allowing a maximum load of 60 N to be achieved. The load, at which the uncovered substrate will be visible regularly along the scratch track, has been considered as the critical adhesive load. The latter was determined from the response of the recorded parameters, coupled with the evaluation of the optical micrographs obtained from the microscope attached to the scratch tester. Additional analyses using a Cameca SX100 electron probe micro analyzer was performed to the last part of the scratch, for higher loads, in order to detect with precision the nature of the failures found for this coated system.
The friction and wear tests were run in a standard ball on disc tribometer using of 2 and 5 N, respectively, a sliding speed of 0.05 m/s and 800 m sliding distance. The tests were carried out in air with 55 75% humidity. For comparison, the uncoated aluminium alloy samples were also tested in the same conditions. The morphological characterization of all wear scars obtained from the tribological tests for all three systems under study was conducted by means of SEM techniques, which allowed the determination of the wear mechanism. A Cameca SX100 electron probe micro analyser (EPMA) with four wavelength dispersive X-ray spectrometers (WDS) was used to perform microscopic and elemental analyses within the wear tracks. Back scattered electrons (BSE) images were carried out at 20 kV, 20 nA. Low and high magnification images were taken in various parts of the samples in order to have representative images of the samples. Both X-ray mappings and profiles of chromium (Cr), nickel (Ni), phosphorous (P) and carbon (C) were carried out at 15 kV, 40 nA. A PC2 crystal was used to detect the O and C Kα X-rays, a PET crystal for the Ar, P and Cr Kα X-rays, a LiF crystal for the Ni Kα X-rays and Roughness measurements and the wear track profiles were determined by means of a Veeco Wyko NT9300 profilometer. The cross section area was computed by the numerical integration of the curve corresponding to the interpolated function between each experimental depth data point, employing a cubic spline interpolation.
The registered profiles allowed the determination of the maximum coating penetration depth. Wear volumes were obtained by multiplying the cross-sectional wear track area by the length of the wear track. The specific wear rate k was obtained from the ratio between wear volume and the applied load per unit of sliding distance (m 3 /N m).
Results and discussion

Coatings morphology and roughness
The NiP coating cross section, as well as its morphology, is shown in Fig. 1a and b, respectively. Additionally, profilometry measurements were carried out indicating that, in the as-received condition, the NiP has a roughness value R a ¼0.4270.01 mm (see Fig. 1c ). As it can be observed, the coating deposited on top of the aluminium alloy has a uniform thickness of $ 5072 mm. The morphology of the NiP coating is characteristic of these kinds of alloys, in which the existence of a typical growth is noticed. An amount of P of $ 9.8%, as determined by means of fluorescence spectroscopy for the as-deposited coating, indicates the presence of an amorphous nickel-phosphorous phase classified as high phosphorous coating [1] .
The morphology of the DLC coating (see Fig. 2a and b) shows the presence of the typical defects that are inherent to this PAPVD deposition process. A roughness of approximately 0.18 mm70.01 was determined, which is very similar to that of the electroless NiP, whose surface was prepared before deposition. It is well known [5] that DLC films, being structurally amorphous, could closely mimic the original surface roughness of the substrate material. The overall coating thickness of the DLC (a-C:H þ CrC) was determined by means of Calotest (CSEM, Switzerland) measurements and it was found to be of $ 2.2 70.1 μm. Fig. 3 presents a micrograph corresponding to the fracture of the DLC coating on top of the NiP, indicating that near the interface PVD coating/NiP a less dense structure of the surface region is present. Also, various dark spots (pointed out by white arrows), corresponding to the Ar incorporation in the structure, can be observed. Now, it has to be remembered that in order to ensure a better adhesion, the surface of the NiP coating prior to DLC deposition was cleaned by ion bombardment with ionized Ar atoms from the glow discharge plasma. The ion cleaning could have been accompanied with an increase in the substrate temperature due to ion bombardment, as it has been indicated by Schönjahn et al. [18] . Also, it could have implied the presence of Ar gas inclusions in the material close to the interface region, which could have produced a considerable change in the appearance of the NiP microstructure.
As it has already been described [16] , during the deposition procedure this cleaning process is followed by the deposition of a Cr film on top of the electroless NiP coating, using argon as the working gas. In turn, this is followed by a chromium carbide graded layer, which requires the addition of butane in the system and, finally, the a-C:H film is deposited.
Very coarse NiP grains are noticed, as shown in Fig. 3 , which could mainly be attributed to the recrystallization process that probably took place at the temperature attained during the ion cleaning process, which was somewhat higher than that reported for the PVD coating deposition process [16] .
Also, interdifusion between the PVD coating and the NiP coating was promoted during processing. This could be observed from the SEM micrograph and elements X-ray mapping, as well as from the quantitative elemental analysis carried out by means of electron probe micro analysis (EPMA) on the coated system cross section. Such an analysis started from the surface and was conducted up to approximately 125 μm inside the sample, towards the aluminium substrate. The results are presented in Fig. 4a and b
As can be observed from Fig. 4a , some argon and oxygen pick up took place during the DLC deposition, confirming the SEM morphology presented above in Fig. 3 . However, it was difficult to determine with precision their concentration without the appropriate standards.
As shown in Fig. 5 , the C content decreases from approximately 74 wt% at the surface, to about 8 wt% at a distance from the surface somewhat less than 4 μm, remaining at this constant value up to the NiP/Al alloy interface. Such a change in C content clearly indicates a diffusion process, which is restricted to just this short distance. The fact that the C composition profile is flat at larger distances is unlikely to be due to C diffusion, given small diffusivity of this element either in Ni and Al. On the contrary, the flat C profiles observed in the NiP deposit, as well as in the 2023-T3 aluminium alloy could just be a consequence of C pollution during sample preparation for its analysis by means of EPMA techniques. Therefore, the EPMA results, presented in Fig. 5 and summarized in Table 1 , allow a quite precise determination of the variation of the elemental concentrations of Ni, P and Cr, that took place during PVD deposition between the PVD coating/NiP interface. However, in spite that it is clearly observed that a change in C content occurred, its precise composition cannot be determined.
Thus, as can be observed from Fig. 5 , Cr and C will diffuse towards the NiP alloy, whereas Ni and P diffuse towards the PVD coating, hence establishing a definite interface between a newly formed graded layer of CNiPCr, whose thickness is around 4 μm, and the DLC/CrC PVD coating, with a thickness of approximately 2.2 μm.
Another interesting feature is that related to the change of the feeding rate of the carbon carrier gas in the system, marked by the arrow on the plot. This corresponds to the inflexion point of the C concentration curve, which could be related to the thickness of both the CrC graded layer and the DLC coating of 1.26 μm and 0.9 μm, respectively, corroborating thus the information provided by the suppliers [16] .
Nanoindentation results
Description of the hardness results
The value of the intrinsic hardness of the NiP coating in the asreceived condition, as well as its elastic modulus were determined from the nanoindentation results and are presented in Fig. 6a and b. It is clearly shown that, for penetration depths above $ 100 nm and 400 nm, for hardness and elastic modulus, respectively, both parameters remain quite constant with the increase in h, indicating that the measurement of these properties has not been influenced by the hardness and elastic properties of the aluminium alloy substrate, as a consequence of the large NiP coating thickness. Fig. 7a illustrates the change in hardness as a function of penetration depth, corresponding to the results of not less than 70 nanoindentation tests conducted on three different samples of the DLC coated system. The data have been described by means of the modified version of the Jönsson-Hogmark (J-H) model [13] , as proposed by Iost et al. [14] , for the analysis and description of the composite hardness of multilayer coatings. In this way, by means of non-linear regression analysis, it has been possible to determine the different parameters encompassed in the model. These include the intrinsic hardness of the DLC film (H DLC ), the hardness of the CrC intermediate layer (H CrC ), the hardness of another intermediate layer that developed during deposition of the DLC film, as a consequence of the interdiffusion of C, Ni, P and Cr (H CNiPCr ) and the hardness of the underlying electroless NiP load-support layer (H NiP ), which for the range of penetration depths under consideration can be regarded as the "substrate". The results of the model are represented by the mean curve drawn through the experimental data. Thus, the parameters involved in the model were determined employing more than 20 thousand experimental data points. Details of the different relationships, which encompass the modified J-H model are given elsewhere [14] .
As can be observed from Fig. 7a , the hardness versus penetration depth data comprises a scatter band, whose width varies as a function of the penetration depth. At the beginning of the indentation tests, the hardness exhibits a wide scatter and it is observed to vary between approximately 5 and 10 GPa.
According to the modified J-H model, as the indenter displacement increases, the mean composite hardness of the multilayer film is determined initially by the DLC intrinsic hardness, which remains approximately constant at a value in the range of 7 GPa, for an indentation depth range of approximately 82 nm. Such an indentation depth interval is directly proportional to the DLC film thickness. The value of the proportionality constant, C DLC , depends on the behaviour of the film under indentation loading. For a Berkovich indenter and assuming that the DLC film undergoes cracking, C DLC ¼0.0915 [14] .
Regarding the transition from the DLC film to the CrC intermediate layer, as the penetration depth continuous to increase about 100 nm, the presence of the CrC intermediate layer, whose intrinsic hardness is significantly higher than that of the DLC film, gives rise to an increase in the mean composite hardness up to a maximum value in the range of approximately 14 GPa. Fig. 7a clearly illustrates that such a steady increase in the composite hardness occurs within an indentation depth range of approximately 220 nm, which is also directly proportional to the CrC film thickness. The value of the proportionality constant depends on the behaviour of this material under indentation loading. By assuming that the CrC film deforms plastically under loading, the proportionality constant between such an indentation depth and the film thickness, C CrC ¼ 0.1746 [14] . According to Fig. 7a , once the indenter displacement exceeds approximately 700 nm, both the second intermediate layer formed by interdiffusion and the NiP electroless plating start to contribute to the composite hardness, which gives rise to a steady decrease in its value. Fig. 5 indicates that the second intermediate layer formed by interdiffusion has a thickness of approximately 4000 nm. Thus, by considering that such a layer also deforms plastically under indentation loading, the results of the modified JH model point out that its hardness is in the range of 5 GPa, somewhat less than that of the NiP coating.
Thus, modelling was conducted by imposing the condition that the hardness curve becomes asymptotic at 7.1 GPa that, as shown in the forthcoming, represents the intrinsic hardness of the NiP plating after PVD deposition. As indicated above, given the thickness of the NiP plating, for the penetration depth range under investigation, it effectively acts as the "substrate" for the PVD coating.
The hardness value of the DLC film of $ 7 GPa determined for the interpretation of the nanoindentation measurements, is somewhat less than the value reported in a previous paper [19] , since it represents its intrinsic hardness value and not the combined value corresponding to the DLC and CrC layers.
However, the analysis of the initial part of the hardness curves obtained from the nanoindentation tests allows an explanation of this result. Fig. 7b illustrates a number of hardness versus penetration The change of the feeding rate of the carbon carrier gas in the system is indicated by the arrow on the plot. depth curves employed in the present investigation, just in the interval between 5 and 120 nm. The lower limit (5 nm) corresponds to the minimum penetration depth from which it is possible to determine the correct values of the mechanical properties of the fused silica standard commonly used for the calibration of the instrument, which was employed for carrying out the tests. Thus, the calibration of the Berkovich indenter indicated that from penetration depths of $5 nm a constant value for the elastic modulus of the fused silica standard of $ 72 GPa was obtained. As can be observed from these curves, at penetration depths between $ 15 and 20 nm, a local hardness maximum is achieved, which ranges between $ 7 and 9 GPa. After this maximum, the curves tend to achieve a plateau at a hardness level between$ 5 and 8 GPa. Thus, in agreement with these observations, in this range of penetration depths the model predicts a hardness of $ 7 GPa, as shown on the plot.
As will be described in the forthcoming, it has been determined that the DLC film has an elastic modulus of approximately 73 GPa, which indicates that the ratio E/H E10.4. This parameter is usually employed for determining the degree of plasticity development under the indenter. For hydrogenated carbon films, according to the work conducted by Michler et al. [20] , such a ratio is commonly found in the range of approximately 9-10. Therefore, it could be concluded that the estimation of the DLC film hardness is not an artifact of the non-fully developed plasticity. On the contrary, the values in the range of 17-18 GPa, which have been reported for this material could be attributed to the way in which this property is determined, according to the standard procedures usually employed for this purpose.
As an example, the standard ISO14577-4 [21] reports a hardness value of about 18 GPa for a DLC film of approximately 2.5 μm in thickness, determined as the maximum value of the H versus h/t curve, where t represents the thickness of the film. However, in this case the coating is considered as a monolayer film and not as an actual bi-layer coating. If this procedure had been employed in the present analysis, a hardness value of approximately 14 GPa would have been reported, by disregarding the fact that the coating is actually composed of both the DLC film and the CrC intermediate layer, which exhibit different hardness values.
The modified Jönsson-Hogmark model advanced by Iost et al. [14] allows the capture of these important details concerning the determination of the intrinsic hardness values of the different layers, which compose the multi-layer film, an aspect that is not dealt with in the standard indicated above. Moreover, the model predicts the influence of substrate effects only after penetration depths higher than approximately 1000 nm, that is to say, well after the attainment of the maximum exhibited on the H versus h curve of Fig. 7a .
The relatively low hardness value that has been determined in the present investigation for the DLC film could be attributed to a number of reasons. It is well known that the hardness of DLC films deposited by PVD processes depends significantly on the deposition conditions. For example, Michler et al. [20] reported hardness values for amorphous hydrogenated carbon films in the range of approximately 5-23 GPa, depending on the ratio J/p 0.6 and CH 4 flow. Here, J stands for the current density and p, the pressure. Li et al. [22] also found that the hardness of hydrogenated amorphous carbon (a-C:H) films decreased from approximately 14 GPa to about 9 GPa, when the bias voltage increased from 100 to 500 V. On the other hand, Yamamoto and Matsukado [23] indicated that the hardness of hydrogenated DLC coatings, deposited by means of unbalanced magnetron sputtering, increased linearly from approximately 5 GPa to about 22 GPa when the bias voltage increased from 0 to 100 V. Porosity could also play an important role in the decrease of the mechanical properties of different materials. As an example, Luo et al. [24] described the change in hardness, H, of 3Y-TZP ceramics as a function of the porosity content, P, by means of a simple parametric relationship of the form:
where H 0 represents the hardness of the fully dense material and α a constant, whose value was found to be 5.02. Adachi et al. [25] also employed the above equation for the description of the effect of porosity on the hardness of polycrystalline ZrN ceramics and reported that a value of α¼5.93 was more appropriate. Thus, by considering that H 0 ¼ 14 GPa for the DLC film under consideration, as indicated by the maximum hardness value on Fig. 7a , the above relationship would predict a porosity for this material in the range of approximately 12-14%, which would also explain the low hardness value observed.
As shown in Fig. 6 , for the NiP coating in the as-deposited condition the hardness value corresponding to penetration depths greater than 500 nm was of $ 7.7 7 0.5 GPa, which is slightly greater than the hardness value imposed to the modified J-H model of 7.1 GPa. The latter value was obtained experimentally from nanoindentation tests carried out on one of the PVD deposited samples, but on its reverse side, where the DLC coating was not deposited. The results presented in Fig. 8 show that, in this case, a hardness value of 7.1 70.3 GPa was determined.
However, as indicated in Fig. 8b , for the NiP electroless deposit on the reverse side of the DLC coated sample, it was found that the value of the elastic modulus, E, determined was of approximately 140 710 GPa, which is also somewhat less than that corresponding to the NiP in the as-deposited condition.
Thus, these findings would corroborate the microstructural changes that occurred during PVD deposition of the DLC and CrC films on NiP coating. Fig. 9 illustrates the change in the elastic modulus of the coating with penetration depth, as reported for more than 70 nanoindentation tests conducted on three different samples. The figure clearly shows that, for the vast majority of the experimental data, for indentation depths greater than approximately 500 nm, the elastic modulus becomes constant at a mean value of about 118 712 GPa.
Analysis of the elastic modulus
It is well known that the substrate effects on the elastic modulus can be more pronounced than on hardness since, unlike plastic deformation, the long-range elastic field extends into the substrate, especially when the film thickness is small. Thus, even for very low depths, there is always some elastic deformation of the substrate, which affects the measured modulus at small indentation depths relative to the film thickness, i.e. at h/t $ 0.01 [26] . Therefore, it is difficult to estimate directly the elastic modulus only from indentation data in which case different models could be used to provide this information [27] .
In the present work, in order to determine the values of elastic modulus of the DLC/CrC/CNiPCr/NiP layer, a modified form of the model proposed by Perriot and Barthel (P-B) [15] has been employed and the results are presented in Fig. 10 .
According to the original version of the P-B model, the composite elastic modulus of a coated system, which encompasses a single coating, is given by simple law of mixtures, of the form:
In the above equation, E represents the composite elastic modulus, E Film and E Subst. the elastic moduli of coating and substrate, respectively and a(h) the volume fraction of coating that contributes to the composite modulus, which is given by the following equation:
Here, h represents the penetration depth, whereas β PB and n PB are intrinsic constants characteristic of each layer of the coating.
Thus, Eqs. (2) and (3) were applied in a sequential manner. First, between the DLC film and the CrC intermediate layer, giving rise to a partial description of the elastic modulus, E(h) 1 . Second, between the CrC and CNiPCr layers, giving rise to a second partial description E (h) 2 and finally between the CNiPCr layer and the NiP substrate, giving rise to a third partial description, E(h) 3 . Subsequently, E(h) 1 and E(h) 2 were joined by means of a Heaviside equation of the form:
where α H and β H represent constants, which are determined from the experimental data for each pair of layers. This joining operation gave rise to a fourth partial description of modulus, E(h) 4 , which was joined to E(h) 3 by means of a second Heavyside equation, in order to obtained the final description of the experimental data presented in Fig. 10 . The values of the elastic modulus of the different materials involved in the coated system are given on the plot. The value of E found for the CrC intermediate layer agrees with those found by Andersson et al. [28] who carried out deposition by magnetron sputtering of CrC coatings. These authors have reported values for E varying from 100 GPa to 256 GPa as a function of the carbon content in the as-deposited coating, from 25 to 85 at%, respectively. In the present investigation, the change of the carbon content in the CrC graded layer throughout its thickness was determined to be between 80 and 73 at%. However, the experimental values found for the CrC film hardness in the present research do not support the values reported by these authors, since this layer has in its composition the presence small amounts of Ni and P, as a consequence of their diffusion form the NiP plating towards the surface of the coated system. Similar considerations could be done in relation to the newly formed CNiPCr intermediate graded layer, whose Cr/Ni (wt%) average ratio is about 0.23. Both the E and H f values determined for this layer (see Fig. 10 ) are higher than those reported recently from a study conducted by Danısman et al. [29] in order to determine the chromium influence on the mechanical properties of Ni-Cr thin films produced by sputtering for this Cr/Ni ratio. These authors found that when the ratio Cr/Ni is 0.23, the hardness and Young modulus were of 5.5 GPa and 60 GPa, respectively.
Nevertheless, the determined values in the present research correspond to a system that implies the presence of C and P, as consequence of diffusion during processing. Fig. 11 shows the variation of load, friction force and acoustic emission signal for the scratch track produced with the displacement of the stylus. This figure also includes the optical micrographs of the track, indicating the possible events that could have taken place.
Scratch results
At the beginning of the scratch, the presence of cracks, which appear at the edge of the track, takes place at 11 N as consequence of the frictional tensile stresses, indicating thus a tensile cracking failure mode. As the load increases, these cracks grow into a semicircular form and become parallel to the trailing edge of the indenter, being propagated through the coating thickness. Similar coating failures modes were described by Zaidi et al. [30] , who studied the adhesion of a PVD DLC deposited on 304 stainless steel. The first change in the acoustic emission signal occurs at a load of 32.4 N, when the tensile cracking mode of the graded CrC coating starts to be accompanied by conformal cracking, due to a higher compressive stress field found in front of the moving stylus. As the load further increases, spallation takes place at a load of 46.5 N due to through-thickness cracking, typical for an adhesive failure of the coating on a softer substrate. This load is considered as the critical value for coating detachment from which uncovered substrate will be seen regularly and its magnitude indicates, therefore, a good adhesion of this coating onto the NiP plating.
The electron probe micro analyzer (EPMA) micrograph, corresponding to the X-ray mapping of the scratch towards the end of it, shows clearly the presence of the three modes of failures (Fig. 12a-d) . These figures also indicate the quantitative evolution of the C, Cr, Ni and P concentrations in the second part of the scratch track starting from the point corresponding to the critical adhesive failure load of 46.5 N, as the scratch normal load increases towards its maximum value of 60 N.
Tribological performance of the coated system
Evaluation of the elastic contact stresses during spherical indentation
The results from the characterization conducted on these systems together with the mechanical and physical properties found in the literature are summarized in Table 2 . The elastic properties values could therefore be used for the computation of the change in the von Mises stress with distance from the surface, under the normal load applied during the test. The calculations were conducted on the basis of the Hertzian equations corresponding to the elastic contact between a spherical indenter and a multi-layer coating, taking into consideration the strain compatibility at each interface.
This simplistic approach implied the computation of the principal strains at each interface as a function of the von Mises stresses and elastic constants of the corresponding layer material and the assumption that such strains remained constant across the interface. In this way, both the von Mises stresses and maximum pressure could be re-computed for the subsequent layer. The value of the elastic modulus was interpolated directly from the results shown in Fig. 10 .
The computational procedure employed, involved the interpolation of the predicted values of the elastic modulus from the modified Perriot-Barthel model (Fig. 10) , in order to solve the nonlinear equation, which allows the determination of the contact radius as a function of the reduced modulus, load applied and indenter diameter. Also, regarding the computation of the principal stresses and the von Mises stress, the Poisson ratio as a function of distance from the surface, was calculated assuming a Heaviside step function.
The results of these calculations are presented in Fig. 13 for 2 and 5 N applied loads. It can be observed that, under these testing conditions, the system behaves elastically and that plastic deformation of the aluminium alloy substrate does not occur, since the von Mises stress at the NiP-substrate interface is below the yield stress of the alloy, which has a value of approximately 450 MPa.
Friction coefficients and wear performance
The variations of the friction coefficients with the sliding distance for all the three systems under study at two different normal loads are presented in Fig. 14 .
For the aluminium alloy system, it can be observed that, as the wear test is carried out, for a normal load of 2 N (contact pressure¼ 0.57 GPa), the value of the friction coefficient increased with the sliding distance and barely achieved a steady state value of 0.8 at 600 m. However, as the load increases to 5 N (contact pressure¼ 0.78 GPa), the average friction coefficient value for the tribological pair aluminium alloy/alumina counterpart decreased to a value of 0.5 and the steady state was achieved much sooner, at 150 m. This value agrees with that of the friction coefficient reported for an A356 aluminium alloy [33] that has been tested against an alumina ball, with a contact pressure of almost the same magnitude (0.75 GPa) and a sliding velocity of 0.03 m/s.
The same trend was observed for the NiP coating in relation to the influence of the normal load on the friction coefficients values, obtaining an average friction coefficient of 0.5 and 0.4 for a normal load of 2 N and 5 N, respectively.
However, almost no difference was found for the DLC/alumina ball system, since the maximum average friction coefficient for 2 N was of 0.12, whereas for a 5 N normal load it was of 0.1, as expected, since its value was found to drop with the increase in the normal load. A similar friction behaviour was reported by Bull [38] in a previous work. This author indicated that for hydrogenated DLC, the friction coefficient drops during the early stages of the test wear (see Fig. 11 ). Nevertheless, these values are higher than those reported in the literature for a-C:H coating [39] , since during the sliding wear test the amount of the relative humidity was as high as 60%.
The profilometry results allowed the determination of an average cross section area with a scatter, which varies between 7 and 15%. These values are presented in Table 3 together with those for the wear rate, k, for each sample.
As can be observed, a very high wear rate was obtained for the uncoated aluminium alloy due to the high amount of material transfer to the harder ball, as corroborated by the values determined form the 2D profile of the wear track. The values for the friction coefficient and wear rate are of the same order of magnitude as those reported in the literature for a similar tribological pair and normal loads [40] .
A considerable reduction of nearly three orders of magnitude in the wear rate value was obtained when the aluminium samples were coated with electroless NiP. The DLC deposition brought about a further reduction in the wear constant value, which was more than one order of magnitude higher than of the NiP deposited on top of the aluminium alloy, tested at the same normal load of 2 N. A smaller reduction of approximately 6 times was obtained when the load increased to 5 N (see Table 3 ). These values, are consistent with those reported in the current literature for the a-C:H films, sliding against various different counterparts [39, 41] . 
Wear mechanism
Post mortem wear tracks characterization by means of SEM in a S.E. mode allowed the determination of the wear mechanism. The micrographs presented in Fig. 15 for the Al substrate and NiP/Al substrate against the alumina counterpart show the presence of adhesive features and abrasive grooves typical of a contact of this kind of tribological pairs. Such features were more pronounced as both the contact pressure and surface hardness values of the samples decreased. The same characteristics could be seen in the 3D profiles attached to the micrographs. Extensive plastic deformation took place in case of aluminium alloy and the alumina ball displaced a considerable amount of it during sliding.
The adhered alloy was brought back to the sample surface and under the cyclic contact load it would start to work-hardened. Subsequently, a considerable amount of debris would be produced as consequence of different processes that would take place, such as cracking due to fatigue and exfoliation of the metallic substrate material. This debris would be compacted again on the samples surface, generating a new surface, which is harder than that of the original alloy and its hardness value would be proportional to the contact load. Similar phenomena would take place for the NiP/Al alloy/alumina ball, however, to a lesser extent, due to the fact that the hardness of NiP is almost five times higher than that corresponding to the uncoated substrate. Here, the shape of the wear track profiles shows, as in the case of the uncoated aluminium substrate, the existence of an abrasive-adhesive wear mechanism typical of the contact of a hard ball with a soft metallic material [40] .
For the DLC/CrC/NiP/aluminium alloy the wear mechanism is totally different. The alumina ball produced a slight polishing of the surface for the load applied of 2 N, polishing which is accentuated as the normal load is increased. The shape of the wear track profile indicates debris entrainment, as well as the accumulation of the debris on top of the ball, giving rise to a more pronounced W shape as indicated by Cassara et al. [42] . The mean Hertzian contact pressures for the applied normal loads of 2 N and 5 N are 0.5 and 0.7 GPa, respectively. Fig. 16 shows the X-ray elemental mapping of the 4 principal elements whose presence and amount was determined by using EPMA, as well as the 3D profiles of the wear track for 2 and 5 N normal, respectively. It could be observed that for both loads, the DLC film is still intact, although very thin, on top of CrC graded intermediate layer and no spallation of the coating during the test took place, indicating its adequate adhesion. The NiP coating was thick enough in order to provide a good support sufficient to avoid plastic deformation of the Al substrate and the premature failure of DLC coating. Moreover, looking at the profilometry traces in 2D for both loads it is observed that the values of the coating penetration depth never is higher than 0.48 μm, indicating that the DLC coating is still present.
Due to the low hardness of the DLC of only 7.4 GPa and the presence of humid air, no wear of the alumina ball took place. The SEM observation of the counterparts has determined the presence of a layer, as a paste, compacted on top of the ball with a higher thickness towards the back side of the contact area, shown in Fig. 17 for a normal load of 5 N load. The semi-quantitative analysis by EDS indicated only the presence of carbon and chromium and no sign of adhesive failure was found, since the presence of NiP was not observed.
Very interesting results that support the above mechanism were presented by Scharf and Singer [43] who studied in situ the wear of a DLC coating with similar elastic modulus, but a higher hardness of 12 GPa. The coating was tested against a sapphire ball (6.35 mm diameter) in air 52% humidity, for a Hertzian mean contact pressure of 0.7 GPa and a sliding velocity of 1 mm/s. These authors have shown that the transfer film thickened as the test was carried out and debris particles became imbedded forming a thick compact layer, which remained stationary in the contact region throughout the test, thus indicating a steady state value for the friction coefficient.
A similar kind of behaviour was reported by Buijnsters et al. [44] for a-C:H films grown by ECR-CVD with different % of hydrogen contents.
It is also interesting to compare the values found in the present research with those reported by Bolleli et al. [9] , who carried out tribological tests under similar contact conditions (alumina ball of 6 mm and 5 N normal load) of DLC coatings deposited onto an 
Table 3
Results from the evaluation of the wear tracks for all the systems under study. AA6068-T6 substrate, using a WC-CoCr thermal sprayed coating of 125 μm in thickness, as intermediate layer. The low friction coefficient and the wear response were attributed to the formation of the microcrystalline graphite-like wear debris that could stick to the mating surface. This fact was corroborated by Raman laser spectroscopy. These authors considered that this phenomenon occurred as consequence of large flash temperatures at the contact points between the tribopairs and used the equation proposed by Ashby et al. [45] for evaluating this temperature, which resulted in a value of ΔT $300 1C.
Raman spectroscopy was beyond the scope of the present study. However, since the flash temperature is directly proportional to the sliding velocity and, since in the present research this parameter is almost 6 times smaller (i.e. ΔT¼50 1C), it is thought that this temperature rise could not probably be sufficient to produce a phase transition process whereby a low shear strength graphite-like layer is formed at the sliding interface. This conclusion is supported by the results reported by Bhushan [46] , who studied the influence of sliding velocity and load on the wear of DLC coatings. Moreover, it has also been shown that the relative humidity could considerably reduce the nominal contact temperature and, consequently, promotes a reduced graphitization [5] .
Conclusions
Tribological sliding tests conducted on an AA2024-T6 aluminium alloy coated with a multilayer DLC/CrC/CNiPCr/NiP coating, indicated that under maximum contact pressures greater than 1 GPa, a wear rate of approximately 6 Â 10 À 16 m 3 /m N is obtained, which is one order of magnitude smaller than that of the substrate coated with electroless NiP and almost four order of magnitude smaller than that corresponding to the uncoated aluminium alloy. The presence of this new CNiPCr graded layer indicated above, with a thickness of approximately 4 μm, was determined by means quantitative EPMA analysis carried out on the coated sample cross section. It is believed that such a layer was formed as a consequence of inter-diffusion between the DLC and NiP coatings during deposition. These findings, together with a careful morphological characterization by means of scanning electron microscopy, have allowed the correct interpretation of the indentation results. In this way, the mechanical properties of the DLC/CrC/CNiPCr/NiP coating have been satisfactorily characterized by means of nanoindentation testing techniques. The change in the composite hardness of the coated system with penetration depth has been described by means of the modified form of the Jönsson-Hogmark model advanced by Iost et al. [14] . Thus, the intrinsic hardness of each individual layer has been determined taking into consideration its mechanical behaviour under indentation. On the other hand, it has been possible to describe the change in the elastic modulus with penetration depth by means of a modified form of the model earlier advanced by Perriot-Barthel [15] . The model has been applied by parts between the layers and the global behaviour has been described satisfactorily by joining the individual curves with appropriate Heaviside transfer functions. In this way, it has also been possible to determine the individual elastic modulus of each layer of the coating. The predicted values of the elastic modulus with penetration depth have been subsequently employed in the computation of the change in von Mises stress with distance from the surface by means of the classical Hertzian formulation, which involves the elastic contact of a spherical indenter subjected to a normal load, with a multilayer coating, taking into consideration the compatibility of strains at each interface. The results of such an analysis indicate that the coated system is able to maintain its integrity when contact pressures greater than 1 GPa are applied, without the occurrence of the plastic failure of the aluminium alloy substrate, in agreement with the results of the sliding tests.
